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SCATTERING BY SPHEROIDAL AND ROUGH PARTICLES

I. WCDUCTION

ve live in a world rich in the phenomena of electromagnetic scattering;

the blue of the sky, the wonderful colors of colloidal suspensions, rain-

bowrs, and, indeed, almost every visual experience is the result of scatter-

ing. Curious and analytical minds have been attracted to the scientific
explanation of these phenomena in terms of the physical processes involved.

This effort, which has been continued from ancient times, has eveolved into
light scattering studies of academic as well as practical interests. Gradually,
it was realized that under most circumstances tne total scattered light and
also the observed polarization could be estimated from the simple sum of the
scattered light from the individual particles in a given medium. This is

the so-called single-particle scattering approach. Furthermore, each single
scattering was found to be completely determined by the particle size in com-
parison with the wavelength of the incident wave, its shape, its index of re-
fraction, and the particle orientation with respect to the incident polariza-
tion./\‘

In sﬁite of the long history of active research in this field, presently there
exist few single-particle scattering problems whose solutions are known with
sufficient generality and rigor to be useful for practical purposes. Even

the recent mathematical solutions for spheroids and cylinders (Asano et. al.

» 1975; Barber et. al. 1975) require numerical evaluations which are quite

) cumberscome and costly on the most modern computers. To aggravate the situation,
few systematic expe¢rimental methods on the study of nonspherical particles othzr
than using microwave technigues are available at present. This is because in
addition to the problems of precisely controlling target parameters and orient-
ation, the art of compensating the incident and other unwanted background
radiation for the measurement of the true scattered wave is rather difficult.

rﬂﬁft\tf_ g
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The paucity of relevant published data motivated this compilation of microwave-
scattering results vhich provide empirical inforrmaticn on how nonspherical
particles scatter light waves.

1I. EXPERIMENTAL METHOD

It follows from the prin-'~le of electrodymamic similitude (Stratton, 194%1)
that identical scattering patterns are obtained in two difterent single-particle
scattoring processes if the particle size and wavelength differ in such a woy
that the ratio size/wavelength ( x) is the same. This principle provides a
means to study the manner in which micron-size particles scatter visible light.
4 By scaling up both the particle size and the wavelength by a factor'VIO), while
keeping the refractive index of the particle constant, one can study the same
single-particle scattering process in the microwave region where all essential
paramcters that characterize the scattering may be brought under much more
precise control.

q The microwave analog method used here has been developed over the past two
decades. (Greenbersy, Pedersen & Pedersen, 1960; Lind et. al., 1965; Lind,
1966; wang, 1963; Wang et. al., 1977)




Critical steps in this effort and useful symmetry relations employed therein
will be outlined in the following subsections.

A. Scattering Quantities, Symmetry Rela@ions and Other Theoretical Considerations

The notations of van de Hulst (1957) are generally used to describe the
scattering quantities. The four elements of the scattering amplitude matrix
, 8ll dimensionless complex numbers, relate the complex emplitude of the in-

cident wave
=<E10
Ezio

and the scattered wave

>
E = E1
EI‘

in the following way:

Ee g 5 =g — (1)
where k= lk | =27t /A , A= wavelength, and the time factor ei"’t is omitted.
Suffixes 1 and r denote the components of the electric field parallel and per-
pendicular to the scattering plane, which is formed by the incident and scattered
reys. The observation point P is at a distance r from the scatterer located at
the coordinate oriy:n {See Fig. 1). It is assumed that r is very large Lompared
to A and to the size of the particle. In Fig. 1, the yz plane is_chosen to b
the scattering plane (a horizontal planc in the labozatory), and EO is polarlzed
along the x axis (vertical in the lavoratory); i.e., Ei1o = 0. In this case
only the elements S, and S, are needad. They are proportional, respectively,
to the components of the cgmplcx amplitudes of the scattergd wave parallel and
perpendicular to the incident polarization. If, instead, E, were polarized
along the y axis, i.e., Ero= O, only the elements Sp and S would be reeded.

> e-ikr+ikz ~ > e-ih“"ikZ( 5 ) (
h,

The phase lag 47 of the scattered wave compconents with respect to tre direct
ray path via target Lo P is then

- ics
éj c 5= 6 ; where 8; = lsjlel J o J=1,2,3,k (2)

The principal intensity components of the scattered wave, all dimensionless
positive numbers, are defined as

SN NG (3)

s 2

ia |21
For forward sc:ttering (6 = 0°) the optical theorem (Feenberg 1922, Montroll &
Greenberg 1954, Hulst 19L6, 19)7) relates the extinction cross secflon Coxct to

S1 by

i

Coxt = g—ne{sl} - " |5, (0)] singgo) (4)




p— Other useful symmetry relations for an axially symmetric particle are given
- by (Greenberg, et. al., 1963; VWang, 1968):

4

. S1(z,v) = Syg cosgl}' + Sleingl,'/

S2(x,¥) = Syp sin®y + Spcos<y : (5)

:_( S3(x,¥) = Sy(x,¢) = ("Syy - Syg) cosy siny

E.'. where S (X,¥) are the complex amplitudes corresponding to the orientation

1 angle (1,¥) as shown in Fig. 1. SzE and S are the complex amplitudes when

the symmetry axis,tilted by an angle %X from the incident direction, is in

- the k-E (xz plane in Fig.l) and the k-H (yz plane in Fig.l) plane

h ‘ ‘vrespectively. Immediate application of Eqs. (4) and (5) gives the extinction
S cross section CZ‘P for an axially symmetric particle at an arbitrary orienta-
tion (X,V¥):

Cry= CE cos?¥ + Cpyy sin?¥ (6)
*] From the first of Egs. (5) it follows that

S102,¥) - S = (Syp-Syg) sin?¥V  (7)

Thus, if ¥ is fixed and ¥ is varied, the difference vector between the variable
vector Sj (x.,¥) and the constant vector Sye is always parallel to the constant
vector (Sy;-S ) and the magnitude of the former is sin®Y times that of the
latter; i.e., the tip of S;(X,¥) should trace a straight line in the actual
experirmental plot. (Hote:In the X-Y recorder plot or P-Q plot in this report,

P and Q are proportional to the in-phase and the 90° out-of-phase components
of S1{(x,¥) with respesct to the incident wave.) This provides a quick check on
the accuracy/consistency of the experimental data.

Interesting results may further be inferred from these symmetry relations about
the averaged forward-scattering quantities over random orientations. Thus the
random average of Cyy in Eq. (6) gives

27
1 . .
< Cyp> = E‘W_[dW[Slnde( CxEcos%bf Cst.lnal}J)

1 [T
2-[ sinxdx Cop * CJLH) (8)

Likewise, the averaged forward-scatter intensity <ip> ( or < ir > )
over radam orientations is, from Egs. (3) and (5),

2n ¥
i = 1 ) s N 2
<i37 = H}ldV[SlHXdZISxECOSQV + st 81n2‘}'l . (9)

If we assume Syg and Sy are equal in phase, as is approximately true from the
experimental plots (Greenberg et. al. 1963), we have

i

" v
. 21 . 2 ..o 1o
<iy> > odw[s1nzdz |S gl cos“Y + |8, siny
S0
’N/’z_ 2
iy =L fa 2,15 12 [Ise] * 15l
<1l> =~ - os_nde {lle' +ISxH| + [ sx.El 5 X.H] }(10)

An identical expression holds also for <is>




ORGRONE

L

-y

B. Experimental Considerations
An ideal scattering laboratory should simulate‘the following conditions:
1. The scatterer is to be illuminated only by a distant light source.

2. The detector should "see" only the primary scattering from the target, not
the incident beam or reflections from ihe laboratory enclosure.

Condition 1 implies that the wave front asthe target site be flat, both in
amplitude and in phase. Design of an indoor laboratory to meet this condition
is rather difficult and is still controversial (Silver, 1949, 1962; Beard et.
al., 1962; Hansen et. al., 1959; Rhodes 1954; Lind 1966; Wang 1968).

To approximate a flat wave front from a spherical wave front from a microwave
antenna, or to receive a scattered wave as though it came from a large distance,
the antenna and the target should be separated at least by a distance:

Rpin 2 —%%s——

where D is the diameter of the antenna. A large D places impractical demands
on . for indoor experiments, while if D is made too small, the resulting
increase of the beam width would increase unwanted background signals, violating
condition 2. Thus a compromise had to be made and we chose Az%Rmin for the
actual target-antenna separations. The results of 6=0° measurements and wave
front examinations (Lind et. al. 1965; Lind, 1966; Wang, 1968: Wang, et. al.,
1977) indicate, however, that up to size x=~21 the error due to the finite
range is less than ~5% in |S(0)| and ~8° in $(0) if the ratio i(w)/i(0) of
the target is less than =22 ¢ (target-antennae multiple reflection error). The
error seems to increase for higher 6's but in much more moderate way than was
expected.

C. Remarks on Microwave and Electronic Circuitry

In Figs. 2-4 we show the two measurement set-ups from which the data in
this repert were obtained. Notice that in Figs. 2 and 3, both forward scatter-
ing measuring device differ only in size and structure of the laboratory build-
ing and hence in £he: atenna parameters, ranges height of target-site and
ahsorher placement. The laboratory shown in Fig. 2 was used until 1968 with tar-
get heirht H=1.93 meters above the floor level while that in Figs. 3 and U4 was
employed until 1970 with H=2.Uh meters.

In all cases, linearly polarized CW(continuous wave) microwave radiation of

A = 3.18 cm was used to illuminate the target. A frequency-stabilized klystron
oscillator served as a source, and the incident wave was transmitted via a
dipole-disk fed parabollic reflector antenna to provide a tight beam with small
side lobes. A similar antenna served as a receiver to accept the scattered
wave. The ancennae were mounted on steel plates bolted onto laboratory walls
or on sturdy scaffo.iding, and rigid rectangular waveguides and components were
supported on the fioor level by wood and other shock-absorbing materials.

There meagsures improved the mechanical and hence the phase stability essential
for the compensation Lechnique.
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For ©6-0°, the separation of the forward-scattered wave from the much more
intense incident wave was accomplished by the compensation (null) technique.

In the absence of a target, the direct incident wave was led to a null

hybrid junction (Figs. 2,3) and was cancelled by a reference wave fed

directly from the transmitter via a separate waveguide. The reference wave
could be attenuated (W,) and phase-shifted ($,) as necessary to cancel the in-
cident wave. As the target was brought into the beam, the off-balance from

the already eostablished cancellation is linearly proportional to the forwaid-
scattered signal S(0), whose in-phase and 90 out-of-phase components (P arnd

Q components in Figs. 6A-12D) with respect to the incident wave were displayed
on an X-Y recorder. The X- and Y- arms of the microwave circuitry in Figs. 2. and
3 served for this orthogonal separation and for the linear display. The tilt
and the scaling of the P-Q coordinates in an actual X-Y recorder plot was
provided by a set of standard spheres which were run in quick succession after
the target was removed and whose $S(0) 's an@ ¢(0)'s were known from Mie theory.

The stability of cancellation during an experimental run is a decisive factor
affecting the accuracy of the measurement, of S(0) because the scattered sig-
nal is much smaller than both the direct wave D and the reference wave li. The
error signal & = D-N due to a drift in cancellation will add vectorially to
S(0) at the null hybrid junction, resulting in the detected signal S(0)+$
instead of the desired true scattered signal S(0). Therefore, a highly stab-
ilized oscillator was used, and extreme care was exercised in maintaining the
mechanical stability of the circuitry. Many experimental runs, particularly
for the small targets, were made during the time of maximum temperature stabili-

ty and minimum power line surges such as during the early morning hours. Also,
the location of the null hybrid junction was selected so that the derivative
with respect to frequency of the differerice between the optical path lengths of
the D wave and I wave leading to this Jjunction was zero. Without these pre-
cautions, the drift & was observed to be intolerable especially when small
S(0)'s were measured (Wang, 1968).

w3y

Fig. 4 shows the circuit schematic employed for angular distribution measure-
ments. A shortage of equipment, mechanical structures and absorbers during
the period before 1970 made the compensation technique impossible to perform.
Nevertheless, it waz possible to see the correct side-scattering by nonspherical
particles for a range of o in wnich the background radiation was relatively
small. In addition to a 4.6m x L.8m absorber screen behind the fixed receiver
antenna at ©=0°, w»ich is intended to reduce the reflection due to the main
and the first side robes of the transmitted beam, belts of absorbers were
placed on some critical portions of the side wall in the main reception cone
of the movable rcceiving antenna. By sweeping the receiver, it was observed
that over angular intervals 380<0:51259 127% 051409 143%65148° and 150% 02160°
the background level were near or below the noise level of the amplifier of
the polarization of the radiation is vertical; but 2 larger background was ob-
served for the horizontal polarization, the levels of which at some 6's

are shown by NT in Pig. 13B.

At ©'s other than O, only the principal intensity measurements (i] and i)
were made. The electronic circuitry is therefore much simpler than in the

8 . 0° scatlering: the received wave was modulated, fed to a good square-law
detector, amplified (LOJB) and coherently detected to produce a D.C. voltarc
proportional to iy and i, before the display on the y-axis of an X-Y recorder.

i1
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D. Target Orientation and Positioning Device

The present orientation device is as described in Lind's thesis (1966).
The objective is to construct a device that:

1. Contributes little to the secondary scattering.

2. Quickly, accurately and reproducibly positions an arbitrary target to
any given orientation.

The present mechanism meets these criteria. It is remotely operated through

3 potentiometer settings which control the hoist-drop, azimuth, and elevation
vositions. To expedite the data-gathering, azimuth and elevation detector cir-
cuits were later added to read the orientation electronically. The drawbacks
to this system are: ,

1. Considerable patience is needed in handling control strings due to their
susceptibility to entangling and breskage.

2. Target height in the beam is slightly target-size dependent.
3. The elevation angles are not linearly related to the potentiometer settings.

4. The process of manual control is time-consuming when an average over all
spatial orientations is required.

E. Scatterers and Their Properties

The preparation of targets and the determinations of their refractive-index
require considerable time and effort. Early attempts to simulate elongated
dielectric particles in interstellar space led us to fabricate spheroidal
particles from cormercial plastics. Among a variety of materials, two low cost
thermoplagtics were found to possess stability, machinability, the possibility
for moldins and refractive indices compatible with those currently suggested
for interstellar grains.

The first plastic is called the polymethyl methacrylate, acrylic plastic or
sometimes lucite (Dupont's trade name). This material has a refractive index
in the microwave region which is close to that of silicates in the optical
region. A number of prolate and obtate spheroids of elongation ratios b/a = 2
and b/a = 0.5, respectively, were machined from commercial blocks.

The second plastic is expandable polystyrene, supplied by Sinclair-Koppers

Co. under the trade name Dylite F-4O, which consists of small beads about
0.5mm in diameter, each with ~77% impregnated volatile material to help ex-
pansion when rteated. A proper amount of such beads will expand and fuse to
each other when-heated in an enclosed cavity, transforming them into a strong,
smooth-skinned foam filling the mold cavity. A number of spheroidal and
eylindrical tarrets were thus fabricated in a series of cement or glass-tube
molds of wvarious sizes. Gince the dielectric constant, and hence the re-
fractive index, of such matevrial dependz only on its density. one can control
the refractive index of the product target beforehand. To prepare homogeneous

12
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tarycls of lower density, however, it was found essential to pre-expand

these Leads in a separate rotating heat chamber to near desired density
prior to molding. Another advantage of molding such plastics is that one

can introduce absorption (the imaginary part of refractive index) by admixing
these beads with such material as carbon dust before molding.

In Yigs. SA-5C we show 3 basic target shapes studied. In particular, Fig. 5C
shows o rough-sphere model in which 6 dylite cylinders of equal length
symmetrically survound a longer center dylite cylinder. Each target is assigned
a 6-digit ID number; the first 3 digits denote the series while the second 3
denote the number in that series.

The complex refractive index: m=m'-im" of acrylic scatterers (Tables I & ¥V
was obtained from the average of & number of complex dielectric constant

(€ =¢'-ie") measurements on waveguide samples prepared from the same commerc
supply, using the standing wave technique of Roberts end von Hippel (19L6)
its technical development in this laboratory (see also Sucher, Ed., 1963).

For carbon-dylite-mixture targets (OO4- and 005- series, Table III), the same
technique was applied to a number of separately prepared waveguide samples of
the same mixing ratio. Appreciable variations of m(m' up to ~ 8%, m" up to

~407) as well as density (d) were observed primarily due to the difficulties
involved in preparing samples of homogeneous isotropic mixtures. Targets
selected in this report have overall density near 0.445 grams/em3, which
corresponds to m=1.33-10.05. It was impractical to measure € values for all
expanded-dylite targets of low-loss (00L-, 002-, 003- and 020-series; Tables I-
IV). Instead, a number of waveguide samples covering a wide range of density
were prepared and the € value measured for each. Despite a fair amount of
scatter in the imaginary part of m (m"=0.005% 0.002), the real part of m wac
almost on a straight line when plotted against the density of these samples.
Values of m' listed in Tables I-IV were therefore obtained from this straight
line bty {inding the densily of the target through volume and weight measure-
ments.

EX70RTIELTAL PLOTS AND EXPLANATIONS

Numeroas exvprrimental rerclts derived from the methods described in the pre-
vions se:tion have been ootained. Out of these we selected some typical re-
sults on spheroidal and rougn-parsvicle scatterers which are of possible
immcdiate interest.

Because of the distinet difference in the operational procedures, the results
are divided in two parts, i.e., the forward-scattering and the angular distri-
bution.

A. Yoruerd Scattering, § =0°
Fach czperimental X-VY recorder plot (or P-Q plot) of the complex forward-
scnttorin amplitude S(O) parameterized by the orientation angle X, for each

onc ot fre tarpgets whose craracteristics are tabulated in Tables II-IV, are
reproducd in Figs., 6A-12D as solid curves.

13
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For an axially symmetric particle such as a spheroid, S(0) of an arbitrarily
oriented target may be obtained from a linear composition of those obtained
as the oxis of the target is rotated in two perpendicular planes, the k E
plane and the k-II plane. These planes contain the propagation vector k

and the electric (ﬂg) and magnetic (H ) vector of the incident radlatlon
respectively(Cf II-A). Two solid curves in each P-Q plot for spheroids show
thc ¥ dependence of S(0) when the axis is swept in these two principal planes.
Fach fiducial point along the curve marks the value of %, and in particular,
&_ E .and I denote, respectively, the cases in which the axis is parallel to
kg E and Ho

For a rouszh particle (Fig. 5C) which lacks a complete cylindrical symretry,

k, E and H decnote, respectively, the oricentations in which a par¥#icle-fixed
plane containing the partlcle ax1s and the largest geometrical gross-section
is parallcl to }O-H Ho and k - plancs, in addition to tfat the axis
itself being parallel to k E and ﬁ; In the E orientalion, a 30~ rotation
about the particle axis y1elds the orientation marked e on Figs. 11A-12D.

The vector drawn from the origin of each P-Q plot to each Y-mark along the
solid curves is therefore the cartesian representation of S(0) at that target
orientation 2%, and the tilt of this vector from the P-axis is the phase lag
of the forward-scattered wave at %Z. The absolute magnitude of S(O) at each

X is found by comparing the length of this vector with that of the standard
sphere during the same experimental run, whose S(0) is shown in the same plot,
and whose magnitude is listed in Table I.

The projection of each such S(0) vector on the Q-axis is (according to the
optical theorem, Bq.(4), Section II-A) proportional to the extinction cross-
section Cox at that ¥. The Q-axis is calibrated in units of extinction
efficiency 8 /A where A is the geometrical cross section perpendicular
to the axis f01 a spheroid, or that of an equal-volume sphere for a rough
particle.

These P-0 plots were selected out of a number of similar experimental runs

for variors sizes of spheroids based on the reliability of the target-paramster
measur manto, slability of the compensation under which the experiments were
perforved, and Larget sizes to span a range near the firs. resonance in ex-
tincticn reorves,

\ , . . . . 0
3, Anmilar Distribution L0°< 9 < 150

Dependence of secabtlering intensities i1(0) and i5(0) on the scattering
angle § , as nmeasured by the method in II-C are shown in Figs. 13A-22A.
Suffixes 1 and 2 in iq{ 9) and io(©) denote, respesctively, the cases when both
rolarizations of the transomiiting and receiving antennae are vertical and
torizontal (7f II-A).

Firn, 1372130 are for an acrylic sphere 137, whic* has also been used exten-
sively os a siwdard Lo provide calibrations. These measurements provide a
conniotenes n'ﬂri and the resulis of lie tieory prediction usine the appro-
priats paruncbers of this sphere, ¥=4.97% & m=1.610, are also included. Ex-
perimental values are normalized at ©-50°,  Fach of Figs. 13B-13D; all for
ip. differs from ench other only in the way of abjsorber placement and in the
enmilar intervals of 6 for which the measurements were taken. In particulzr,
s in i, 13 indicate the received intensity levels in the absence of the
Larme b D Yacksronndd inteagity ) for that polarization from which specular
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reflection from the laboratory floor and wall is more likely to occur.

Figs. 1hA-19B are the results for 6 acrylic prolate spheroids whose char-

acteristics are also tabulated in Table V. At each 6, intensity measure-
ments were made for 3 principal target orientatiqg§ kl>E and H, the orient-
etions in which the particle axis is parallel to K,, E, and H, of the incident
wave,respectively. For each target, Mie theory predictions of i,(®) or ipx(®),
multiplied by a factor 4 for a sphere whose radius is equal to the semi-minor-
axis of the spheroid and whose refractive index is m=1.610, are also included
in the appropriate figure.

Figs. 20A-22A show the i4(€)'s and i2(8)'s for 3 rough particles made of ex-
panded polystyrene (Cf also Table IV). Lack of cylindrical symmetry and
homogeneity complicates the target-orientation dependence of i's considerably,
and only 4 to 5 principal orientations were considered in the data-taking.
The same notation as in forward-scattering (III-A) is used to indicate the
target orientations, k, E, and H.” Suffixed notations such as Ey and Ey are
needed here, however, to indicate whether this E was attained from the k or H
orientation initially. Orientation symobols such as eg Fig. 21A) denotes
that orientation reached from the Ey orientation by a §0 azimuthal rotation.
Similarly, hy, results from 30° azimuthal rotation around Hp (Fig. 21B). Mie
theory predic%ions of iy, i, of an equal-volume sphere with the same index

of refraction as the target are also included in each figure.

IV. DISCUSSION AND ANALYSIS
A. On Spheroidal Particles

The P-Q experimental plots of forward scattering (G=0°), as displayed in
Figs. 6A-10F provide detail on the subtle target-orientation dependence of
the scattered wave. They provide the phase shifts (Pp, ®y), the extinction
efficiencies (QE, QH)’ the polarization by extinction P=(Qg - QH)/(QE + QH)
and other pertinent scattering data. The subscripts E and H denote the case
when the particle-symmetry axis is swept in the k-E plane and the k-H plane,
respectively. (Cf Sec. II-A).

If we fix our atteantion to a particular group of spheroids in which the re-
fractive index m is relatively constant (say #00l series, Figs. 6A-SE), and
also to a particular orientation (say E), we notice that the tip of the S(0O)
vector will make a clockwise rotation in the P-Q plot as we increase the
particle size. For a given target, orientation changes from E to k or H to
k causes a similar rotation. van de Hulst (1957) attributes this to an
anomalous diffraction effect due to the increased ray path of the penetrating
incident wave before it isscattered forward. For spherical particles, a
theoretical P-Q plot as function of size x for m=1.365 is shown in Fig. 23A,
using Mie theory. 1In Fig. 23B, we show a similar theoretical P-Q plot for
infinite dielectric circular cylinders with m=1.2664 at perpendicular in-
cidences in which E_and I distinguish the cases when the cylinder axis is
parallel to Eo and !l vectors of the incident wave, respectively.

15
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For the purpose of explaining the subtle orientation of S(0) displayed in

these previous P-Q plots of spheroids, there are a few approximation methods
based on Mie theory for spheres which replace the actual spheroid under in-
vestigation by a set of appropriate equivalent spheres (Greenberg, 197k
Latimar, 1975). Because these approximation methods are based on sphere models,
it is not immediately apparent whether they can provide useful results to ex-
plain, in particular, the polarization by extinction by these spheroidal
particles.

Instead, we report here an approximation based on the rigorous infinite cylinder
solution (Lind et. al., 1966), and replace the actual spheroid by a section of
an appropriate infinite cylinder. This is because, as follows from Fig. 23B.
the cylinder approach appears to be the most tractable way to qualitatively
account for the polarization. We replace the spheroid by a finite eylinder
whose volume, refractive index and the elongation ratio are the same. We
further assume that the scattered field from this finite cylinder can be
estimated from that of the infinite cylinder solution. The normalization area
needed to deduce the Q's (the extinction efficiencies) is taken to be the base
of the cylinder. The results of numerical calculation using this method are
also shown in Tables VIA-VIF and are to be compared with the experimental re-
sults for some appropriate spheroids. We note from these comparisons that Q's
by this cylinder model somewhat overestimate the magnitude, but the polariza-
tion by extinction and the forward phase shift agree fairly well especially
near perpendicular incidence. It also appears that the cylinder approximation
progressively improves as the size of the spheroid increases. Away from the
perpendicular incidence. the cylinder approximation becomes progressively
poorer; at ¥=00 the infinite cylinder theory predicts Q=0. (The theoretical
results at edge-on incidence are therefore not tabulated). A duplicate of
Fig. 6C, the P-Q experimental plot for the spheroid #001010 (See also Table VIB),
with the added cylinder theory prediction, is displayed in Fig. 24 for direct
comparison. For strongly absorbing (lossy) prolate spheroids (¥00h-series),
similar comparisons and results hold except that for the smallest target
(#00b001) the assigned value of complex refractive index is subject to some
error due to the difficulties involved in the process of fabricating small
romogencous targets of the carbon-dylite mixture.

Anpular distribtution results for spheroidal particles, as displayed in Figs.
1LA-19B, show how tii- ~ elongated particles side-scatter light waves. A

number of experimental difficulties were encountered when these data were taken.
These difficulties included: (1) HNot enough absorbers were available to reduce
the background radiation, (2) Poor mechanical and geometric conditions:

floor irregularities (up to ~-5. cm variation) displaced the antenna cart which
is mechanically coupled to the orientation mechanism through a relatively
slender aluminum frame; (3) Lack of sufficient microwave components to per-
form the canrellation technique, (4) Some of the electronic instruments emplovaod
such as the lock-in amplifier-detector had insufficient sensitivity to read
small received signals; hence linear scaling was employed to plot i; and i2
instead of the widely used logarithmic scaling.

In spite of these difficulties the target perameters, orientation and other
fartors could be controlled much more precisely than is possible for anv other
known method of experimental investiration. (Target parameters are shown in
Table V, Orientations are as described in I1-A and figure captions).
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Attempls were first made to concentrate on some principal target orientations
with respect to the transmitting and the receiving antenna polarizations.

iy and i, in Figs.l4A- 19B denote, respectively, the scattering intensities
when both the transmitting and receiving antennas are vertically and horizon-
tally polarized. k,ﬂE agg H are the target orientations in which the target
axis is parallel to ki, F5 and of the incident wave vectors, respectively.
This choice was made on the intuition that from these principel orientations,
the experimental angular distribution data could be analyzed most easily in
comparison with Mie theory for appropriately sized spheres. In particular,
for the E or H orientation, the target present: a geometrical cross section
that is the sum of two identical spheres whose radii are equal to the semi-
minor axis of the spheroid. 1In addition, these two spheres have their total
volume equal to the volume of the spheroid itself. Il these two spheres scatter
the radiation independently but coherently, the total scattering intensity
would be & times that ol an individual sphere and might resemble that by the
spheroid at these orientations. The scattering intensities i, and i, from
this sphere as computed by Mie theory and multiplied by 4 are shown in each
figure. The comparisons reveal that for i, at E orientations and for smaller
sizes, the scattering intensity is roughly 2 times that of the sphere with
similar angular distribution patterns. Beyond this normalization factor,

the comparison between the sphere and the spheroid does not seem to correlate
in either total brightness or polarization over the range of scattering.

Further comparisons based on infinite cylinder theory were made in an attempt
to obtein a better explanation of the spheroid angular signature. With the
same refractive index as the spheroids, the equivalent cylinder sizes were
chosen as in the previous forward-scatter comparisons. Figs. 25A-26B show
such comparisons on two spheroids #100009 and #100019 with appropriate cylinder
sizes X¢=2.190 and X;=l4.026 respectively. Since the cylinder theory uses the
axis as one of the principal cocrdinates, which matches the present laboratory
coordinates only at two orientations, it is feasible at this moment only to
comparz i) at E orientation and io at H orientation for the experimental and
theoretical data. For #100009 (Cf. Figs. 25A-25B) this cylinder model approx-
imates tne actual angular distribution fairly well in shape but not in mag-
nitude. For the larger spheroid, #L00019, (Cf. Figs. 26A-26B) the correlation
still exists between the spheroid and the infinite cylinder except that the
peaks predicted by the cylinder theory are shifted by a considerable amount.
The cylinder does not appear to be a reliable basis for predicting angular
scatterirg by spheroidal particles. A final possibility, yet to be n~xplored,
is the conjecture that the angular distribution from a spheroid may be deduced
from eguivalent spheres where each angle corresponds to a different sphere
(Greenverg, 1974).

B. On Rough Particles

The experimental P-Q plots for rough dylite particles as shown in Figs. 11A-
11D, as well as for the totally reflecting rough particles in Figs. 12A-12D,
suggest the complexity of the dependence of forward-scattered wave on target
parareters and orientations. They bear little resemblance to the P-{ plots
of previous spheroidal particles or to those which have a more defined non-
sphericity, and present an awesome barrier to a predictable explanation.
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Even though these particles have no complete axial symmetry, they have

mirror symmetry with respect to 7 planes. One such plane passes through the
center of the particle and is orthogonal to the axis; the other 6 planes,

all containing the particle axis, have equal angular separation of 30° from
the neighboring ones. How this mirror symmetry can reduce the amount of data
needed for the complete description of orientation dependence of S(0) or help
to evalualte the extinction cross-section averaged over random orientations
(cf. Eqg. (8). Sec. II-A) is not presently known. For this reason, the
orientations in the P-Q plots are not exhau. tive. We have not yet inves’igated
how ruch deviation from a straight line in & P-Q plot would result by going
from the E to the H orientation (Cf. Eq. (7), Sec. II-A) because of the incom-
Plete axial symmetry of each particle. Nevertheless, for penetrable dylite
particles (#020-series) there is a definite trend indicating that as we de-
crease the particle size (by going from Fig. 11A to Fig. 11D), the percentage
variation of S(0) is also reduced, both in the P and Q-components; i.e., the
variation of extinction efficiency due to the orientation change is reduced.
Also, the forward phase shifts as we go from the k orientation to either E
or H orientation are also increased. This suggests extending the eikonal
approximation (Greenberg 1960; Greenberg, 1968; Wang et. al., 1976) to this
kind of rough particle. The totally reflecting rough particles (Figs. 12A-
12D) do not seem to have the above distinct features.

The overall size dependence of extinction by these rough particles and com-
parison with appropriate smooth spheres has been reported previously (Greenberg
et. al., 1971). Similar comparison tased on cylinder theory has also been
published (Shah. et. al., 1972). This report gives a more detailed account

of the phenomena for some of the separate particles.

Little analysis can be made on the angular distribution by rough particles

as displayved on Figs. 20A-22A beyond the explanations described in Sec. ITI-B
presently. The particles do not possess complete cylindrical symmetry and
are possibly not perfectly homogeneous. The effects of target non-homogeneity
are not very serious in the 0=0° scattering, but show marked variation in
scattering intensity at higher 8's (Vang, 1968). 1In addition, only a limited
number of orientation changes were possible at each © where these data were
taken. Thus, the averaced intensities over random particles orientations

are inpossible to evaluate. Qualitatively, however, it seems that a rough
particle will scatter more lignt in smaller 8's and less in larger ©'s as
compared to a smooth sphere of the equal volume.

SUMLMRT REMARIS

Ve have presented some hitherto unpublished facts on the scattering by
spheroidal and rough particles based on microwave measurements. We believe
these results contain some experimental errcrs, but are nevertheless superior
in precision to any known method other than microwave techniques at present,
espncially in the 6=0° scattering and particularly for the rough particles.

S Lry relations existing in the scattering process (Sec. 1I-A), which are
independent of the tarpet material and which proved very useful in the forward-
scattering, should be studied and extended to other scattering ancles . This
is uscful not only for expediting the data-gatherins, but also to check the
consiniency or accuracy of measurem=nts on particles possessing axial, mirror
or other georetrical symmetries.
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In extinction measurements, spheroidal particles polarize light depending
upon the particles orientation. For the size range investigated, the degree
of polerization decreases with size. 1In particular, for the prolate

spheroids near perpendicular incidence to the axis, the degree of polarization
can ve fairly well estimated by infinite cylinder scattering theory using
appropriately si:ed cylinders. In this regard, scattering by finite cylinders
needs to be investigated to complete the comparison and to cover the flattened
particles such as oblate spheroids.

To avoid the chaotic accumulation of scattering data for particles of infinite

variety of nonsphericity, judicial selection and classification of targets
for experiment, and systematic catalogue of such data are essential.
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Table I. Characteristics of spherical targets used as standards to
calibrate and check the 3.18 cm microwave scattering measurements.
S(O)Mie and 4>(0)Mie are respectively the amplitude and the phase

shi”t of the scattered wave at § = 0°, as predicted by Mie theory.

Sphere Radius x = Material Refractive Index S(O)Mie <I:(O)Mie
IDlo. a (em) 2re/X Re {m} Im{m} (degrees)
, |
1 2.529 .993 Expanded 1.267 -0.005 21.38 sk.6
Polystyrene +0.002

w2 2.712 5.354 " 1.247 " 2L4.08 sh. L

L #4 3.162 6.24) "o 1.258 " 36.06 66.6

L

= #12 3.848  7.59% " 1.152 " 42.33 L8.1

] #13 2.166  L.275 " 1.25h4 " 13.57  43.8

;G #251 2.155 4.253 " 1.130 n 7.037 21.8

{ 2255 3.813 T.525 " 1.157 " b2.3%  49.2

b 7137 2.522 4.978 Acrylic 1.610 -0.00k4 19.54 113.8

[

Fo

[

s

é

X
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Table II. Paramcters of the low-loss prolate spheroids of clongation ratio
b/a = 2, useci for the microwave measurements in this report.
These particles were prepared by molding expandable polystyrene
(Sinclair-Koppers Dylite F UO) in cement molds of varied sizes.

Each terget is also assigned two cize paramcters x = ka and

xy= ka, , vhere a, is the radius of the equal-volume sphcre.

Target Shape & Size Refractive Index x = ka x,= ka,
ID No. Figure a (cm) b (cm) Re {m} Im {m}

#001002 SA 1.362 2.724 1.264 | -0.005 2.688 3.389

+0.002
#001007 SA 1.888 3.776 1.266 " 3.726 L. 694
#001010 v 2.228  L.Ls56 1.270 " 4.397 5.539
#oo1015 " 3.020  6.0L0 1.269 " 5.950 7.510
#001020 " . ho92a  8.184 1.263 " 8.076 10.175
#002003 " 1.480 2.960 1.109 " 2.921 3.680
#002007 " 1.889 3.778 1.109 " 3.747 4. 722
#002015 " 3.080  6.160 1.108 " 6.078 7.659
#002020 " 4. 09: 8.184 1.110 " 8.076 10.175
#002022 " . 500 9.000 1.111 " 8.881 11.190
#003004 " 1.588 3.176 1.361 " 3.134 3.94%9
#oo3107 " 1.914 3.828 1.371 " 3.778 L. 759
#003103 " ».007 L.o1k 1.37k " 3.961 4.991
#003109 " 2.111 4y 222 1.372 " L.166 5.2h9
#003010 " 2.230 L.460 1.370 " 4.401 5.545
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Table III. Characteristics of lossy prolate and oblate; spheroids of elonga-~
: tion ratios b/a=2 and b/a-0.5 respectively, in this report.
ﬂ Thesc particles were prepared by admixing carbon dust(lamp black)
- and expanded polystyrene beads(Sinclair-Koppers Dylite F LG) in

mixture in cement molds of various sizes. Two size parameters

b the weight proportion 0.025 to 1.0, and molding the homogeneous
’ x =ka and x= .ka.v for each target are also shown, where a,
s

is the radius of the equal-volume sphere.

Target Shape & Size Refractive Index x =5ka  x,=ka,
ID No. Figure a (cm) b (em) Re {m} Im{m}
#00h001-  SA 1.161 2.322 1.33 ~0.05 2.291 2.887
#/004003 " 1. h?é 2.946 " " 2.907 3.664
#bol:on " 2.352 .ol " " L. 642 5.8l9
floohaas " 3.026 6.052 " " 5.972 7.297
#oohkoar7 " 3.389 6.778 " " 6.689 8.428
#005010 5B 1.803 0.902 " " 3.558 2.824
_ #005018 " 2.983 1.hg2 " " 5.888 4.673
‘ ° #oos020 " 3.376 1.688 " " 6.664 5.289
' rooso2h " 175 2.088 " " 8.2h1  6.5h1
: #005032 " 5.780 2.890 " " 11.ho8 9.05h
o _
; 22
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Table 1V. Characteristics of rough particles in this report. The first

= group(#020 Series) is prepared by stacking 7 expanded polystyrene
m (Sinclair-Koppers i)ylite F L0) cylinders. The second group(#030

| series) is prepared by coating the similar stack by aluminum foils

of 0.0025cm thickness. For each target, the size parameter x v ka.v,

%
h ' where e, is the radius of the equal-volume sphkere, is also Shown.'
-
Target Shape & Size Refractive Index x,= ka,,
}
*‘ ID No. Figure 2a (cm) 1; (em) 15 (em) Re {m} Im {m}
#020001  5C 2.75 8.25 5.65 1.356  -0.005, 7.717
+0.002
#020002 " 2.20 6.56 4.35 1.362 " 6.108
#020003 " 1.55 k.64 3.09 1.354 " L. 31k
#020004 " 1.28 3.84 2.53 1.333 " 3.554
#030001 " 2.78 8.4%0 5.58 o (Totally 7.756
reflecting)
#030002 " 2.19 6.55 4.40 " 6.107
#030003 " 1.56 L.65 3.08 " L.329
#03000k " 1.28 3.73 2.59 " 3.570
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Table V. Characteristics of prolate spheroids of elongation ratio b/h=2
in this report. These particles were prepared by machining
commercially available acrylic material. For each target, two
size parameters x = ka and x,= ka, are also shown. e, is the

radius of the equal-volume sphere.

“1ilfii - _-regif‘.

Target Shape & Size Refractive Index x = ka - x,=kay

, ID No.  Figure a (em) b (cm) Re{m} In|m}

b ‘

A #100009 5A 1.270 2.540 1.610 -0.004  2.507 3.159

E; #0000 " 1.378  2.756 " " 2.718 3.424

T’. #100013 " 1.702 3.hoh " " 3.359 4,232

1 #100015 " 1.902  3.804 " " 3.754 4.730
#100017 " 2.115 L.230 " " L.175 5.260
#100019 " 2.335 L. 670 " " k.609 5.807
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Table VI A

Forivard-scatter data for a prolate spheroid of elongation b/e;. =2

(1D #001002 , refractive index m=1.204 ) as a function of orientation
angle X . ¢E & ¢H are phase shifts in degrees, Qg & Q;; are extinction
efficiencies an¢ (QE - QH)/ (QE + QH) is the polarization by extinction.

- ~ Subscripts E and H denote, respectively, cases when the symmetry axis is in

- the k-E plane and in the k-H plane. Corresponding scattering quantities for

& a section of an infinite circular cylind& which has the same m, the equal

volume and the identical elongation ratio as the spheroid; are obtained

theoretically from the rigorous infinite cylindar solution and are also

tabu.la.fed for comparison. =2.3481is the size parameter for this cylinder.

*c
The geometricalcross section perpendicular to the axis is used for the eva-

iuation of Q's in both spheroid znd cylinder cases.

Data Item Target Orientation Angle X

K 10° . 20° 30° u0° 50° 6° 70° 8° 9o

¢E Expt. 38.6 36.3 31.0 28.3
Theory » 50.8 35.6 32.1

L Expt. 38.6 34.0 27.6 2h.0
Theory L4 8 29.8 25.5

O Expt. 2.69 2.6 2.10 1.98
" Theory 3.65 3.04 2.78
Qy Expt. 2.69 2,22 1.81 1.60
Taeory 3.07 2.39 2.10

QgtQg  Expt. 2.69 2.34 1.95 1.79
5 Theory 3.36 2.72 2.44
Gr-9y  Expt. o, '0.051. 0.072 0.107
QEry Theory 0.087 0.119 0.139
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Table VI B

Forward-scatter data for a prolate spheroid of elongation bfa =2
(1D #001010 , refractive index m=1.270 ) as a function of oricntation
angle X. ¢ & ¢ are phase shifts in degrees, QE & Q}I are extinction

efficiencies and (Q; - QH) / (QE + QH) is tie polan.zat:.on by extinction.

‘Subscripts E and H denote, respect:we]y, cases when the symmetry axis is in

the k-E plane and in. the k-H plane. Corresponding scattering quantities for

a section of an infinite circular cylinder which has the same m, the equal

' volume 2nd the identical elongation ratio as the spheroid; are opi;ained

theoretically from the rigorous infinite cylinder solution and are also
tabulated for comparison. =q =3.841 is the size parameter for this cylinder
The geomeiricalcross section perpendicular to the axis is used for the eva-

iua.tion of Q's in both spheroid end cylinder cases.

Data Item Target Orientation Angle X
k 100 20° 30° k° s50° 60° 70° 8° 9o
¢E Expt. 85.7 83.8 78.0 68.5 62.0 57.3 S53.9 51.9 50.7 50.1
Theary 134.%4 99.7 83.0 70.7 63.4 57.8 5%.2 524 51.8
¢H Expt. 85.7 83.1 77.1 68.5 61.0 55.2 51.7 48.5 46.5 450
Theory 135.6 93.3 77.7 67.8 59.3 53.4 kLo L. 474 16.8
Q Expt. 5.48 s5.47 5.25 5.06 L4L.98 L.87 L.79 L.71 hL.66 L4.73
E Theory 1.67 L.1h 5.85 6.L3 6.57 6.4 6.34 6.28 6.25
Q Expt. 5.48 s5.42 5,25 5.06 4.73 L4.62 L.52 4,35 L. 26 L4 3k
H Theory 1.47 3.39 5.54% 5.93 5.93 5.78 5.64 5.57 5.54
ey Expt. 548 s5.44 525 5.06 K38 L5 L.66 4.53 L6 L. 5k
) Theory 1.57 3.77 5.69 6.18 6.25 6.11 .5.99 5.92 5.90

QB'QH Expt. O, 0.004 0.000 0.001 0.020 0.027 0.030 0.04%0 0.0h% 0.0kz
Qe+ g Theory 0.063 0.100 0.028 0.0k40 0.051 0.054 0.058 0.060 6G..00
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Table VI C

Forward-scatter data for a prolate spheroid of elongalion bfa = 2
(ID #001020 , refractive index m=1.263 ) as a function of orientation
angle X. ¢E & ¢H are phase shifts in degrees, QE & QH are extinction

efficiencies anc (QE - QH)/(QE + QH) is the polarization by extinction.

"Subscripts E and H denote, respecti{rely, cases when the syﬁmetzy axis is in

the k-E plane and in the k-H plane. Corresponding scattering quantities for
a section of an infinite circular cylindel; which bas the sa.ﬁe m, the equal
volume and the identical elongation ratio as the spheroid; are obtained
theoretically from the rigorous infinite cylinder solution and are also

tabuloted for comparison. =7.055 is the size parameter for this cylinder.

The geometricalcross section perpendicular to the axis is used for the eva-

:.I.ua.tion of Q's in both spheroid and cylinder cases.

Data Ttem Target Orientation Angle X
Kk 10° 20° 30" %° 500 60° 70° 8° 90°

¢, Expt. 151.9 146.2 131.6 119.7 107.5 98.3 92.2 88.5 85.6 85.0
Theory 76.1 90.4 132.2 120.2 107.2 99.1 93.5 90.1 88.9

¢§1 Expt. 151.9 146.7 133.5 119.7 106.8 95.3 92.5 85.0 82.3 81.5
Theory 76.9 7h.8 130.4 117.0 105.5 96.2 90.5 87.5 85.i

Q.  FEpt. 1.36 1.81 3.05 4.11 5.32 6.15 6.75 7.09 7.38 7.3k
B Theory 1.85 1.04 2.38 L.56 6.8¢ 8.24 9.12 9.55 9.70
Qg Expt. 1.36 1.74 2.66 3.89 5.00 5.8 6.48 6.90 7.09 T.17
Theory 1.95 1.26 2.41 L4.52 6.72 £8.03 8.92 9.33 9.46

). 5.82 6.61 T7.00 7.2k 7.25
2.39 L.shk 6.81 8.13 9.02 9.k 9.58

Qe+Qy Expt. 1.36 1.78 e.
2) Theory 1.20 1

Gg-Qy Expt. 0.  0.019 0.0 57 0.021 0.01L 0.020 0.012
0 12

6 0.0
9%-0.005 0.005 0.012 0.013 0.011 0.012 0.013

Qe Theory -0.022-0.
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Table VI D

Forwvard-scatter data for a prolate spheroid of elongation b/a

(ID #004001- , refractive index m=1,33-i0.09 as a function of orientation

angle X.

efficiencies and (Qg - Qﬁ) / (g + QH) is the polarization by extinction.
Subscripts E and H denote, respecti‘}ely, cases when the symmetry axis is in
the k-E plane and in the k-H pla.ng. Corresponding scattering quantities for
e section of an infinite' circular cyliﬁd.er which has the same n, tﬁé equal
volume and the identical elongation ratio as the spheroid; are obtained |

" theoretically from the rigorous infinite cylinder solution and are Aa.lso
tabulated for comparison.
The geometricalcross section perpendicular to the axis is used for the e*fa- :

luation of Q's in both spheroid and cylinder ceses.

¢E & ¢H are phase shifts in degrees, QE & QH are extinction

X, =2.001 is the size parameter for this cylinder.

Datz Itenm Target Orientation Angle X
i o (o) (o]
30 60
¢E Expt. 66.3 9.1 57.7
Theory 60.3 36.1 ?;3 6
by Expt. 68.0 65.2 53.6 50.8
Theory 53.2 37.7 kL
Qg k.27 3.69 3.65
= Theory 3.94 3.75 3.64
Q Ipt. L.35 3.98 3.32 3.19
Theory 3.15 2.91 2.7h
T Expt. 1L.35 4.12 3.50 3.h2
> Theory 3.54 3.33 3.19
Qz-Qp B 0.035 0.053 0.067
E&:F—Q‘;} Theory 0.112 0.127 0.142
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Table VI g

Forward-scatter c’ia;ta for a prolate spheroid of eloné,ation b/a = 2

(ID # OOLOLl , refractive index m=1.33-i.05) as a function of orientation
angle X. ¢E & éﬂ are phase shifts in degrees, QE & Q,n are extinction
efficiencies and (QE - QH) / (QE + QH) is the polarization by extinction.
Subscripts E and H denote, respectively, cascs when the symmetry axis is in.
the k-E plare and in the k-H plane. Cor:esponding scattering quantities for
2 section of an infinite circular cylinder which has the same m, the equal
volume and the jdentical. elongation ratio as the spheroid; are obtained
theoretically from the rigorous infinite cylinder solution and are also

tabulated for comparison. =1;.055 1s the size parameter for this cylinder.

*c
The geometricalcross section perpendicular to the axis is used for the eva-

iuation of Q's in both spheroid and cylinder cases.

Data Iten Target Orientation Angle X :
X 10° 20° 30° u0° s50° 60° 70° 8° go°
¢% Expt. 105.7 104.4 99.7 9k.h 89.5 85.2 82.3 80.7 79.2 78.3
Theory 131.0 114.5 102.12 91.2 82.8 77.2 73.8 71.7 7T1..0
q&I Expt. 105.7 102.7 97.2 9i.5 86.1 61.8 78.4 76.1 T7h.8 Th4.0
Theory 125.2 109.8 97.6 85.4 77.2 T1.6 68.2 66.3 65.6
A Expt. 3.91 L.01 L.kl L. 8 5.26 5.64 5.88 6.01 6.03 6.09
= Theory 1.4 3.09 L.83 6.07 6.7 T7.25 7.48 7T.58 7.61
Qy Expt. 3.91 L.11 W46 4.83 5.17 5.40 5.55 5.67 5.72 5.72
Theory 1.1k 2.97 Llk2 5.62 6.31 6.74 6.97 T.05 7.08
QetQg  Expt. 3.91 L.06 L.uL 4.3% 5.23 5.52 5.71 '5.84 5.90° 5.90
> Theory 1.16 3.03 4.63 5.85 6.54 7.00 7T.22 7.32 7.34
0g-Q  Expt. C.  -0.013-0.005 0.00% €.011 0.022 0.028 0.029 0.031 0.032
oty Theory 0.016 0.019 0.0kh 0.038 0.036 0.036 0.035 0.036 0.035
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Table VI F

Fori:ard-scatter data for a prolate spheroid of elongation b/a.
(1D #oohorT

engle X.

, refractive index n=13,33-i,

05) as a function of orienta:ion

¢ & ‘}5 are pbase shifts in degrees, Q, & Q. are extinctiun
8] H

efficiencies and (QE - QE[) / (QE + QE{) is the polorization by extinction.

Subscriptc E and E denote, respactlve'l,v, cases whon the smﬂtry’ axis is in

the k-E plane and in the

k-H plane.

Corresponding scattering quantities for

a section of an infinite circular cylindei- which has the same in, the equal

voluma and the identiczl elongation ratio as the spheroid; are obtained

theoreiically froa the rigorous infinite cylinder solution and are also

ta2bvulated for comparison.

X =5_.843 is the siz:

parameter for this cylirder.

The geametricalcross section perperdicular to the axis is used for the eva-

Juation of Q's in both spheroid and cylinder cases.

m ‘Pata ITtem Target Orientation Anglc X
: X 10° 20° 30° 10° s50° 60° - 70° 8° 9o
é. Evpt. 94.8 95.8 97.7 98.2 97.8 95.8 95.k 94.3 93.5 93.
b Theory 97.8,105.6 114.8 110.0 10%.5 ¢8.6 94.7 92.3 91.5
g o Expt. 954.8 95.8 96.8 -95.5 95.3 93.7 92.2 90.8 90.1 89.9
- Theory 93.6 102.3 103.0 105.0 100.0 94.2 90.5 - 83.3 97.5
Qg Expt. 3.09 3.10 3.23 3.65 L.12 4.56 5.06 5.36 5.!;9'5.61
o ‘ Theory 1.35 1.76 2.7 k4.32 s5.74% 6.83 7.57 T7.93 8.1~
Q Fxpt. 3.09 3.10 3.24 3.58 4.06 k.56 L.56 5.27 5.43 5.%9
> H Theory 1.30 1.77 2.80 L.2hk s5.62 6.64 7.38 7.77 7.89
J
@ Qe+Qg  Expt. 3.09 3.10 3.2% 3.62 4.09 L.56 5.00 5.3 5.46 5.55
—% "  Theory 1.32 .97 2.77 4.28 5.68 6.73 7.47 7.87 8.0L
i 0z-Qy  Fxpt. O. 0. -0.003 0.C09 0.007 0.00010.010 0.009 0.005 0.010
Py Qe Theory 0.017-0.004-0,010 6.009 0.010 0.01. 0.013 0.01k 0.01h
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Angular coordinates which specify the scattering angle @
and the targe® orientation angles ( x,th) with respect

to the incident wave.
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a, is the radius of the equal-voluhe sphera.

Fig. 5 Target Shapes
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spheroidal particle (Size parameter x=6.078 and
refractive index m=l.1_08)
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Fig. 13A Angular distribution i, (&) plotted against the scattering angle

8 for a spherical particle. i, (6) is the component cf intensity
of the scattercd wave along t%e directipn perpendicular to the
scattering plane, the plane formed by k.0 and K in Fig. 1. Polavr-
ization of the incident wave is also perpendicular and the target
has a size parameter x=4.978 and a refractive index m=1.610-1i0.0Ch
(Table I). The solid curve connects the experimental points
measured by the device shown in Fig. 4 , while the dashed curve is
the Mie theory prediction with the same x and with m=1.61C. nor-

malized at G=50°. A minimum number of absorbers were used on the
floor snd the side walls.
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Fig. 13B Angular distribution ie(e) plotted against the scattering angle ©

for the same particle as in Fig. 13A. i,(®) is the component of
scattered intensity parallel to the scattering plane. Incident
polarization is also parallel, and the same device as in Fig. 4

is ured to obtain the experimental points along the solid curve.
The dashed curve is the Mie thcory result for x=4.978 and m=1.610,
normalized at 6=50°. The background intensity level in the abscnce
of the target is shown by NT at some scattering angles. A minimun

number of microwave absorbers were placed on the floor and on the
side walls.
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sorbers on the side wall opposite the receiver antenna was in-
creased. Notice that over 3005,955500 the measurement were made

at 46-1° intervals to show the combined effect of back:round
radiation and the uneven floor.
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Intensity of scattering i, (6) plotted against the scottering angle
© for a sphercidal particle. i,(@) is the intensity perpendicular
to the scattering plane, a planec formed by k and X vectors in
Fig. 1, and the incident wave polarlzatlon 1s also perpendicular to thi
plane. The experimental set-up used is shown in Fig. 4. At each
e, 1 () was measured for 3 principal orientations of the spher01d
k, E and H, in which the symmetry axis is parallel to ko EO and
of the incident radiation, respectively. The spheroid has the
size paramcter (a=semiminor axis) ka=2.507 and a refractive index
m=1.610-i0.004  (Cf. Table V). The Mie theory prediction of
Lhx i (G) for a sphere with the same a and with m=1.610, is also
shown as a separate curve,.
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vectors in Fig. 1, and is also chosen to be a horizontal piane in

L the laboratory. The incident-wave polarization is also perpendicular
and the target has a size parameter X,=ka,=7.717 and a refractive
index m=1.356. The same notation as in forward-scattering (Fig. 11A)
are used to indicate the target orientations k, E, and H. Suffixed
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